BACKGROUND: Hospitalizations for aspiration pneumonia have doubled among older adults. Using a bedside water swallow test (WST) to screen for swallowing-related aspiration can be efficient and cost-effective for preventing additional comorbidities and mortality. We evaluated screening accuracy of bedside WSTs used to identify patients at risk for dysphagia-associated aspiration.
Dysphagia (difficulty swallowing) is a serious condition that affects approximately 9 million adults. 1 Although dysphagia (International Classification of Diseases, 9th Revision code 787.2x) is typically associated with neurologic disorders and head and neck cancers, it is also present in approximately 30% of general hospital admissions 2 and in approximately 50% of patients at hospital discharge with four of the top five common general medicine hospital diagnoses. Moreover, dysphagia is associated with a 40% increased hospital length of stay 3 and an overall cost to US hospitals of as much as $10 billion annually. 3, 4 A potentially severe complication of dysphagia is pulmonary aspiration, which may lead to additional morbidities (eg, pneumonia) or even death. 5, 6 Aspiration pneumonia, a potentially preventable hospital-acquired condition, 7 has estimated incremental costs of $19,000 to $25,000 per occurrence, even larger costs when associated with feeding tube placements. 8, 9 Patients with dysphagia are approximately four times more likely to be readmitted within 30 days. 10 Among elderly Medicare patients, hospitalizations for aspiration pneumonia have doubled, 11 with approximately 10% of patients receiving feeding tubes 9 and 24% associated with death. 9, 11 There is a > 13-fold increased risk of mortality during hospitalization in rehabilitation patients. 3 These data, combined with the generally accepted belief that dysphagia is underreported, 3, 4, 12 suggest that patients on medical (ie, not neurologic or oncology) floors may not be recognized as having dysphagia, leading to increased hospitalization lengths and increased health-care costs. 13 Screening for aspiration can, therefore, reduce morbidity, mortality, and costs while increasing health-care quality.
Various tests are used by clinicians to screen patients for dysphagia. To date, most research has not examined the accuracy of specific tests, lacked comparison with an a priori reference standard, and/or lacked a systematic evaluation process, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] leaving clinicians without guidance. 24 The aim of this review is to evaluate the clinical utility of a single test, the water swallow test (WST), and determine its diagnostic accuracy for identifying patients who are aspirating.
Methods

Data Sources
We searched 16 databases, Google Scholar, and published research from leading authors in dysphagia screening. Included were Englishwritten, peer-reviewed studies from 1950 through May 2015 reporting sufficient data to calculate metrics of screening accuracy. We included only prospective, observational studies and randomized controlled trials with adult ($ 18 years of age) patients (Table 1) .
Study Selection
Our index test was a WST using any volume of thin liquid. Clinical end points for determining aspiration were observation of a behavioral airway response, specifically coughing, choking, or throat clearing, and/ or change in voice (ie, wet/gurgly quality, other change in vocal quality) as perceived by the rater and compared with voice quality before the WST. Our reference standards were nasoendoscopy or videofluoroscopy because of their similar sensitivities in identifying aspiration and universal clinical acceptance. 25 Exclusion criteria were as follows: (1) use of an alternative index (eg, pulse oximetry), (2) use of an alternate end point (eg, laryngeal elevation, desaturation), (3) outcome of oral or esophageal dysphagia, or (4) data from unpublished literature.
Data Extraction/Quality Assessment
Two authors (T. S. and R. V.), masked, identified studies for inclusion from the searched collection of abstracts and full-text articles, and evaluated each study for methodologic rigor. [26] [27] [28] One author (T. B. F.) extracted study data and reported or calculated diagnostic accuracy metrics with results confirmed by an additional author (R. V.). When needed, authors were contacted to provide missing information. All disagreements were resolved by consensus.
Data Analysis
We calculated sensitivity, specificity, and positive and negative likelihood ratios (LRs) from 2 Â 2 tables and generated forest plots to determine pooled accuracies 29 using Meta-DiSc version 1.4. 30 A continuity correction of 0.5 was used to replace zero cells. 30, 31 Weighting studies for the number of subjects analyzed and random effects modeling were used to adjust for variability across studies. 32 Heterogeneity (measured by I 2 values) was reduced by stratifying WSTs by presentation method (ie, single sips, consecutive sips, progressive volume challenges) and by the patient's clinical response. To avoid bias of repeated analyses of the same patient, 33 we randomly selected a single outcome when studies reported multiple outcomes using the same index test. [34] [35] [36] [37] Causes for heterogeneity were investigated using meta-regression via the MIDAS program 38 in Stata version 12.1 (StataCorp), with an a priori significance of P < .05. Hierarchical summary receiver operating characteristic (HSROC) curves with both 95% CIs and 95% prediction contours were also created. Publication bias was tested using Deeks test 39, 40 with an a priori significance of P < .10.
Results
Search Results
The literature search was completed on May 19, 2015. Twenty-two studies met criteria for review (Fig 1) .
Reliability between masked reviewers for study identification was substantial (k ¼ 0.776). 41 35, 36, 44 and mixed neurologic/neurosurgical diagnoses (13%). 55, 56 Other diagnoses included head and neck cancer (12%) 35, 45, 52, 53, 55, 56 and respiratory diseases (10%). 44, 55 The remaining diagnoses were categorized as mixed/other medical/other not specified/unknown (26%). 35, 44, [55] [56] [57] [58] Patients' mean age when reported was between 46.7 and 75.2 years; one study 54 reported a median 79 years of age. Most (70%) patients were men. Fifteen (64%) studies were completed in an Tables 3, 4) . 42, 47, 49 These data suggest that single sips provide supporting evidence for correctly identifying patients who are aspirating; however, negative results may be indicative of false negatives.
Patient Characteristics
Consecutive Sips: Consecutive sips (ie, drinking large volumes of 90-100 mL of water without stopping) were subgrouped into studies that only accepted an airway response 36, 44, 48, 56, 58 and studies that accepted an airway response or voice change as being clinically indicative of aspiration. 36, 43, 49, 52, 55, 59 Among the five studies accepting an airway response only, pooled specificity was greater than sensitivity (sensitivity, 54%; 95% CI, 45%-62%; specificity, 78%; 95% CI, 71%-83%; positive LR, 2.5; 95% CI, 1.6-3.9). 36, 44, 48, 56, 58 Conversely, the six studies that accepted both airway response or voice change had a greater pooled sensitivity (sensitivity, 91%; 95% CI, 89%-93%; specificity, 53%; 95% CI, 51%-55%; positive LR, 2.5; 95% CI, 1.8-3.4) ( Tables 3, 4) . 36, 43, 49, 52, 55, 59 Although the data are mixed using this method of presentation, consecutive sips from large volumes without observations of either an airway response or a voice change provide support for the ability to correctly rule out patients who are not aspirating, better than airway response alone.
Progressive Challenges in Volume:
A third type of WST progressively challenges patients with increasing volumes of water until either a clinical sign of aspiration is observed or no additional volumes remain in the protocol. Controlled single sip trials leading to consumption of uncontrolled, consecutive large volumes (range, 2-90 mL) were subgrouped into studies that (1) only accepted an airway response, (2) only accepted a voice change, and (3) accepted an airway response or a voice change as being clinically indicative of aspiration. Among the three studies that only accepted an airway response, pooled specificity was greater than sensitivity (sensitivity, 70%; 95% CI, 60%-79%; specificity, 76%;
Records identified through database searching (n = 981) journal.publications.chestnet.org 95% CI, 66%-84%; positive LR, 2.9; 95% CI, 1.9-4.2). 34, 35, 37 The four studies that accepted voice change only were similar (sensitivity, 50%; 95% CI, 39%-61%; specificity, 87%; 95% CI, 78%-92%; positive LR, 2.9; 95% CI, 1.7-4.7). 34, 35, 37, 53 The three studies that accepted airway response or voice change had similar results to consecutive sip trials with the same clinical indicators, with pooled sensitivity greater than specificity (sensitivity, 86%; 95% CI, 76%-93%; specificity, 65%; 95% CI, 57%-73%; positive LR, 2.3; 95% CI, 1.8-2.9) ( Tables 3, 4) . 45, 51, 54 Again, these results indicate that combining airway response with voice change is more sensitive than using airway response alone.
Hierarchical Summary Receiver Operating Characteristics: Each of the different screenings, when collapsed across patient responses, offers varied diagnostic accuracy. HSROC curves plot combined sensitivity and specificity for each study and then plot each study as an aggregate point, with 100% sensitivity and 100% specificity being in the upper left corner of the summary plot. The HSROC curves and their summary operating points have lower sensitivities (range, 60%-77%) than specificities (range, 72%-87%) for single sips and progressive volumes, but not for consecutive sips. Single sips, however, had a larger area under the curve (90% vs 81% for consecutive sips and 79% for progressive volumes), suggesting greater accuracy overall. There is also large within-method variability, supporting an overall greater ability to correctly classify patients who are aspirating without effectively reducing false negatives (Fig 2) .
Methodologic Quality
All studies provided an adequate study rationale and identified patients through a one-gate procedure with diagnosis unknown at screening (Table 5 ). Most also provided clear selection criteria (91%) and consecutive sampling for patient enrollment (91%). Methodologic weaknesses included not reporting (27%) or maintaining an appropriate interval between screening and reference test administration (ie, > 48 hours; 14%), independent administration of the index and reference test (45%), and masking of assessors (45%). There was good agreement between masked reviewers for study quality (Table 6) . 41 
Heterogeneity and Publication Bias
There was a wide degree of inconsistency among studies.
A meta-regression of study characteristics revealed four significant sources of heterogeneity: (1) reduced clarity of selection criteria (P ¼ .02), (2) inadequate description of measures and procedures for study replication (P ¼ .04), (3) no masking (P ¼ .01), and (4) inconsistent inclusion of all patients in all analyses (P ¼ .01). There was no significant (P ¼ .246) publication bias, with the omission of one influential study with 3,000 patients 55 from the analysis (Fig 3) . Comparing funnel plots, this disproportionately large study strongly influenced the results.
Discussion
The goal of this review is to identify a single screening tool that can be used to identify aspiration-one of the potentially medically and financially injurious results of dysphagia. Despite multidisciplinary interest in screening and > 30 years of research and prompts by the Agency for Healthcare Research and Quality and the Joint Commission for guidance, clinical uncertainty for aspiration risk remains. 4, [60] [61] [62] The clinical focus and purpose of the WST is to determine whether a patient is aspirating (ie, safety for oral consumption) and/or requires instrumental assessment. An appropriately sensitive screening will benefit health care by reducing costs with unnecessary referrals for instrumental procedures. Our analyses suggest the WST, when administered as consecutive sips from large volumes, offers the best characteristics to rule out overt aspiration (ie, a readily observable airway response, voice change associated with swallowing). When presented as single sips of small and large volumes, the WST offers the best evidence for the ability to correctly classify patients who are aspirating. These data suggest that single sips of any volume provide supporting evidence for correctly identifying patients who are aspirating; however, negative results may be indicative of false negatives.
Patients silently aspirating continue to remain difficult to identify bedside and are at the greatest medical risk for aspiration pneumonia. 6, 63 We were surprised by the omission of silent aspiration data as an outcome of the reference test related to the WST in the peer-reviewed studies included in this review, especially when this clear limitation of WSTs may result in false negatives leading to aspiration pneumonia. Although silent aspiration risk may be dependent on the volume of water presented to the patient, 64 more research is needed to validate this theory. Adverse events and outcomes from missing silent aspiration on screenings are beginning to emerge. 65, 66 The goal of a screening test is to identify all patients at risk for a certain condition/disease (true positives) while reducing the number of patients who falsely test positive. Our review suggests that a single type of WST may not offer the level of discrimination clinicians require, but there are merits to its continued use and investigation. First, our stratification of the data suggest that consecutive sips of large volumes offer good sensitivity, whereas single sips of small and larger volumes offer good specificity. Therefore, combining presentations of both single sips and consecutive sips from a large volume in a stepwise process may boost sensitivity and specificity within the same patient screening session and warrants further investigation. Of the 22 studies included, only one study provided data to examine this construct, albeit with limitations. 49 That is, after testing patients with 5 and 10 mL of water, the researchers allowed clinicians to determine whether the 90-mL volume was safe and appropriate based on other portions of the clinical swallow examination. We are not aware of any published WST study using either single or consecutive sips that has identified medical complications. 36, 43, 44, 48, 52, 55, 56, 58, 59 However, several studies either warn to avoid large volume consecutive sips in specific patient populations (eg, patients with head and neck cancer, patients with tracheostomy tube) 56, 67 or excluded these patients from participation. 48, 49 Second, there were three readily observable, clinical responses used to identify aspiration in the WSTs: (1) airway response, (2) voice change, and (3) either airway response or voice change. Singly, airway response or voice change offered only fair degrees of sensitivity and specificity, depending on the method of presentation; however, combining these observations improved screening accuracy and is likely the mathematical result of increasing the opportunity for true positives and false positives when considering both airway response and voice change together in the same patient. Similar to previous work, these results suggest that accepting multiple clinical signs associated with aspiration offers greater screening accuracy. 34, 35, 49, 51, 68 Further investigation is needed to determine whether combining pulse oximetry with behavioral response improves screening accuracy.
Consistent with previous reviews, 18 ), and treatment fidelity (ie, all patients being administered full bolus amounts using the same method). 42, 46, [49] [50] [51] [52] [53] [54] 57 As a result, a within-group comparison could not be made because there were too few studies within each index test. Methodologic limitations such as these add to the growing list of factors for the underreporting of dysphagia 3, 12 and potential attenuation of screening accuracy. 72 There was a moderate amount of heterogeneity between studies. Variations in enrollment methods within and between studies led to potential sources of bias.
Although not statistically tested because of insufficient numbers of studies of homogenous patient populations There was an absence of strong, unequivocal results (high sensitivity with high specificity). Moreover, excluding one study that enrolled 3,000 patients, the remaining 21 studies enrolled between 25 and 165 patients (median, 67 patients), contributing to overall study variability (Fig 2) , but these findings are not entirely atypical. A similar variability in study quality has also been noted in the ClinicalTrials.gov database.
73
Previous and newly published reviews continue to investigate clinical swallow examinations in general, most not controlling for the many different methods used, and all of them offering similar insights and minimal clinical utility. 14, [17] [18] [19] [20] 71, 74, 75 This review focuses on a single method, the WST, and controlled for the heterogeneity in the literature using appropriate statistical analyses. Despite these methods, the variability of our results is similar to previous reviews, strongly suggesting that robust statistical methods cannot correct for limitations in experimental methods. Future research in screening and diagnostics related to dysphagia and aspiration must engage large, methodologically rigorous studies and control for rater bias and time between the screening and reference test administrations. Likewise, homogenous patient samples will allow for better interpretable comparisons between patient populations. (6) , and Somasundaram et al 37 (7) . AUC ¼ area under the curve; SENS ¼ sensitivity; SPEC ¼ specificity; SROC ¼ summary receiver operating characteristic. 
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Study Limitations
This systematic review has two limitations-inclusion of peer-reviewed, published research only and inclusion of studies written in English only. We recognize that although acceptance of peer-reviewed, published studies ensures that experts scrutinize study quality, the likelihood of publishing studies with high accuracy and significant findings over studies with lower accuracies and nonstatistically significant results leads to a greater risk of publication bias. Although unlikely, studies written in other languages could provide additional understanding and/or may contain results that are principally contrary to the findings presented here.
Conclusions
There is merit to use of the WST to rule out overt aspiration using consecutive sips from large volumes. Individual sips best rules in aspiration when clinical signs of aspiration are present, but at the risk of false negatives. The use of progressive changes in volume does not offer sufficient screening accuracy. Combining airway response with voice response as clinical signs of aspiration improves the diagnostic accuracy for WSTs. For those screening positive, additional testing will be required to discriminate patients who are aspirating from those who are false positive. Our findings suggest that a stepwise approach to screening, using both consecutive sips from large volumes and single sips of any volume, has potential to improve patient care; however, this has not been empirically tested. Additional research supporting this method for screening is necessary.
